Abstract-The interaction between the snake-like robot and environment produces serpentine action to push the body forward. A slender body shape made from many modules occupies a larger scale. In this paper, snake-like robot motion planning method is analyzed by considering each module's position and its movement as well as position of obstacles. The Potential Energy Function between each module and obstacles is established by using artificial potential method as well as the Potential Energy Function between snake head and the target. With the potential energy function feedback to control the pendulum angle of serpentine movement, the snake-like robot motion planning in the obstacles environment is completed. The adjacent joint adjustment is achieved for movement stability during obstacle avoidance control. Finally, the simulation results verified the effectiveness of proposed path planning method.
I. INTRODUCTION
ith the development of robotics, snake-like robot is attracting more and more concerns of the community. The researchers have made great improvements on snake-like robots. It is a hyper redundant robot consisting of multi-modular unit structure [1] with more degrees of freedom. It can move on the irregular terrains, which is better than performance of the traditional walking robot. It is widely used across the barrier, through the sand and marsh, and to complete complex works in the small space [2] . Currently, there are many researches on the path planning of snake robot. A.A.Tootoonchi uses two-level PID controller to control snake-like robot avoided obstacle [3] . He used two-level PID controllers to control snake robot by head link and introduced a novel gait to replace the tradition serpentine curves. When snake robot moves using this gait, head link always looks at direction of motion and can therefore receive much better information of target and obstacles in the direction of motion. But the velocity of the snake-like robot was not considered. A.A.Transeth created a gap function between various modules of the snake-like robot and obstructions [4] . Yanhua Wu uses the modules up method to make snake-like robot climbed over obstacle, and confirmed that the obstacle ability of chain robot should be strengthened with the robotic number increasing [5] . Snake-like robot makes use of the serpentine movement for forward motion that different from other mobile robots' movement. Therefore, general robot path planning method dose not adapt to snake-like robot. Environment and slender body characteristics of robot must be taken into account to use the appropriate methods on the path planning. Four points in snake-like robot motion planning should be considered: 1) Timeliness. When obstacles are detected by observation system of snake-like robot, the information of obstacles should be quickly and timely feedback to the control system. The control system makes out response based on the input information in timely. 2) Feasibility. The control system can produce prompt methods to avoid the barrier based on the feedback information. 3) Uniqueness. By considering the position and orientation of obstacles, the controller puts forward unique gaits of the movement path planning. 4) The best path towards target. Control system can achieve optimal path based on snake robot movement gaits and environment as well as planning criteria.
Potential energy function between each module and obstacles is established by using artificial potential method. Also potential energy function between snake head and the target is built. With the potential energy function feedback to control the pendulum angle of serpentine movement, snake-like robot path planning in the obstacles environment is achieved. Complement of the adjacent joint adjustment is done for movement stability during obstacle avoidance control.
The paper is organized as follows: Section 2 introduces the motion model of snake-like robot and describes a method of changing its direction of motion. Section 3 analyzes the conditions of the snake robot to avoid collision with the obstacles and controls the stability of motion when avoiding obstacles. Section 4 determines the simulation parameters and obtains simulation results. Finally, section 5 gives the conclusions.
II. KINEMATICS MODEL

A. Serpentine Movement
In nature, the snake form of exercise can be divided into:
serpentine movement, rectilinear movement, concertina movement and side serpentine movement. Serpentine movement is the most common and most efficient movement form [6] . Serpentine movement form of mathematical functions was first proposed by professor HIROSE through observing the movement of a large number of natural snakes. Professor Ma has proved this curve from muscle continuity contraction [7] and analyzed the snake-like robot movement from kinetic view [8] [9] [10] . Equation (1) 
where ρ denotes the curvature of the serpentine curve, a stands for the amplitude angle in the curve's beginning, b stands for an adjustable constant and s stands for the length of serpentine curve, respectively. Let's approach a small enough value and by calculating the corresponding coordinate, can get a series of points that form the serpentine curve, as shown in Fig.1 . 
The difference of θ between two adjacent modules is the input angle of the snake-like robot's corresponding joint to form the serpentine curve, and ș can be written as
The relative joint angle of different angle of adjacent modules can be gotten by equation (3) . 2l is the unit length of the snake-like robot.
Discrediting the serpentine curve's variable s with the length of the snake-like robot's module, as shown in Fig.2 . Ye got the angle input formula for each module in [6] .
where A is the amplitude, 2 sin( )
, bs t ω = , ω is the angular velocity, ϑ is the phase, and i =1to n , n is the number of link.
The relative rotations between the adjacent joints generate thrust or pulls for snake-like robot moving. Through the relative joint angle relations of the modules, as shown as Fig.2 , the mathematical expression of the geometric relationships between each module and the snake-like robot head can be gotten
angle of snake-head. Snake-like robot head initial position is the origin, and the direction of it connects with the target for the x-axis, its perpendicular for y-axis.
B. Center Adjustment Factor γ
The input joint angle function can control the motion state of snake-like robot from equation (5) . The method that changes the snake-like robot input joint angle function to control the snake-like robot path is called center adjustment method. The mathematical formula expressed as
If the input joint angle of the snake-like robot changed γ value, then the input angle of symmetry axis will deviate from the zero position γ value. Therefore, this method can be used to change the snake-like robot's direction of advance, to make robot avoid obstacles. γ is called center adjustment factor.
III. OBSTACLE AVOIDANCE ANALYSES
A. Artificial Potential Method
Artificial Potential method that derived from Artificial Potential Field (APF) method was first applied to path planning proposed by Khatib. The basic principle is: the repulsive force revolves around the obstacles environment and attractive force revolves around the target. Obstacles were in high-potential field and emitted energy to the outside world. Target was in low potential energy and absorbed external energy.
The external potential energy and force are brought in through the artificial potential method. Follow the example of the point charge Coulomb's law to define the following definition.
Define: 1. Potential energy is zero in infinity, is O E in obstacle and is T E in target.
2. When the snake-like robot in the potential field, it will be affected by the force. The ratio of the force and its quality is called the potential field strength, with the symbol E .
where k denotes a constant related obstacles, d denotes the distance between the snake-like robot head and the centre of the object. Assuming: 1. Snake-like robot is a rigid object and it does not produce elastic deformation in motion.
2. To study the movement of snake-like robot in the static obstacle environment, in the environment, the information of obstacles were known.
3. The obstacles are simplified as the stationary vertical cylinders.
4. The obstacle is small vertical cylinders which shares the ground size less than three modules of snake robot length in the environment.
When the snake robot comes into the affected area, it will be affected by repulsive force and attractive force all time. In order to explain the snake-like robot affected by the potential energy briefly and clearly in obstacle environment. Analyze one obstacle as an example.
where ( ) F t denotes the repulsive force and ( ) f t denotes the attractive force generated by the obstacles and goal, separately. p denotes a constant related snake-like robot itself.
In order to make the snake-like robot to move towards target without collision with the obstacles, the movement of snake-like robot will be analyzed in followings.Snake-like robot was impacted by the repulsive force as shows in Fig.3  (a) .
If snake-like robot comes into the range repulsion from the point S ′ , as shown in fig.4 (a) , it will produce turn angle γ with the action of the repulsive force. The velocity of the snake-like robot's head is denoted o ν and its angle is denoted To solve the velocityν , the force F is decomposed two components, one parallel the velocity o ν and the other perpendicular it. In the time dt smaller, the snake-like robot did uniformly accelerated motion in this both directions. According to Newton's second law, we obtained following equation 
where h m denotes the mass of the snake-like head. x v ′ denotes the value of velocity at x′ -axis, and y ν ′ denotes the value of velocity at y′ -axis. 
Substituting equation (10) into equation (6), we can obtain center adjustment function of snake-head. Not only one object in environment is considered, the sum of all the snake-like robot motion repulsion forces should be considered. Rewritten the equation (10) as all repulsion forces expression. where n denotes the number of the obstacles. The characteristic of following last module movement is destroyed in the avoiding obstacles. The relationship between each unit and obstacles to avoid collision with it needs to be analyzed. Rewriting the equation (11) as the function of each module and obstacles. Snake-like robot will gradually go away from the obstacles by the repulsive force. In order to avoid deviation from the target point where the direction is too large, Attractive targets established attraction, as shown in Fig.3 (b) . The attraction is like a beacon to guide the snake-like robot approaching target.
The adjust angle of snake-like robot by attractive force can be got through avoiding obstacles method. 
Center adjustment function which controls the snake robot to reach target with no collision can be obtained by putting γ into equation (6) .
B. Kinematics
Snake-like robot belongs to wheeled robot, it maybe occurs side-slipping in movement. In order to prevent this thing happening, velocity components of x and y axial, as shown in Fig.4 , should be balanced. The balance of constraint expression can be written as
With Substituting equation (5) into equation (14), the general equation expressed as follows
where ω can be got by the equation (15) deformation.
If the input joint angle be changed, the movement will be changed and cause the snake-like robot no longer stabile movement. This small error can be modified by appropriate changing adjacent joint angle, as shown in Fig.5 [11] . If the module 4 needs rotate i γ degree around the joint 3, as shown in Fig.5 (a) , it can uses this method which is shows in Fig.5(b) to reduce the impact on other modules and to control the snake-like robot stability in the obstacle environment. Center adjustment function which controls the snake-like robot stability to avoid the obstacles can be obtained by improving equation (6) . 
A. System and Simulation Parameters
The construction of snake-like robot is confirmed such as single module length and the number of joints. Amplitude and incoming frequency are the main parameters affecting motion characteristics. We can get the relationship between amplitude and time to target by the least square method, as shown in Fig.6 The ability of p was controlled by the velocity of snake-like robot v . Therefore, the Snake-like robot control system is the closed-loop system, as shown in Fig.8 . 
Where e denotes the Euler number, y ν and x ν denotes the velocity of along the x-axis and y-axis, respectively, they are linear velocity. Equation (18) implies that obstacle has no effect on snake robot motion when is too far from it and its effect gradually increases as snake reaches near to obstacle. Through the feedback control as shown in Fig8, the snake-like robot can avoid obstacles to reach the target. In order to validate the effecters of the proposed method, we build the 3D snake-like robot is shown in Fig.9 . The basic simulation parameters can be set by Table 1 . 
B. Simulation result
We set the robot move along x-axis, which does not affect the control method and simulation. The movement process of snake-like robot in the obstacle environment is shown in Fig.9 . From the simulation results as shown in Fig.10 , snake-like robot can avoid obstacles when move to target by means of this method.
